• The distribution of heart potentials on the body surface was studied for the first time in 1889 by Waller. 2 Pioneer work in this field was then performed by Groedel and Koch 8 and Bohning et al., 4 who were among the first to locate the potential maxima and minima on the human chest.
More recent studies on the same subject lead to contradictory conclusions. According to some authors, 5 " 0 the distribution of heart potentials on the chest surface is identical to that produced by a single bipolar generator ("equivalent dipole"), whose location within the thorax can be established with an approximation of ± 0.5 cm. 5 The location of the dipole may either remain unchanged during ventricular activation 5 or may vary, the displacement attaining sometimes as much as 6 cm. 0 According to others, 10 ' n the potential field on the body surface is complicated and cannot be accounted for by the hypothesis of a single equivalent dipole. The equivalent generator, which, if substituted for the heart, would produce a surface field identical to the real one, is composed of multiple dipoles whose strength and location vary during ventricular depolarization.
The implications of the above-mentioned theories are important for the correct understanding of clinical electrocardiograms, both peripheral and precordial. If the hypothesis of a single equivalent dipole of fixed location is correct, most of the information obtainable from body surface measurements is contained From the Department of Electrophysiology, Instituto di Cardiologia Sperimentale, Servizi Seientifiei Simes, Milano, Italy.
A preliminary report was presented at a meeting of the Accademia Medica Lombarda on July 1, I960. 1 Received for publication April 16, 1962. 
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in three suitably chosen electrocardiograms from which the strength and orientation of the equivalent dipole can be deduced. 5 ' °-8i °A ll the other limb and chest leads, including ordinarj' precordial leads, are superfluous, since all the thoracic and limb electrocardiograms can be predicted with a good approximation, once the strength, orientation, and location of the equivalent dipole have been determined. 0 ' ° According to this theory, nothing can be deduced from external leads about the multiple local excitatory processes occurring simultaneously in various regions of the heart during ventricular depolarization.
If, on the contrary, the hypothesis of the multipolar equivalent generator is valid, a complete exploration of the body surface is necessary to get all the information about the electrical activity of the heart obtainable from surface measurements. According to this theory, maps representing the instantaneous distribution of chest potentials give valuable information about the multiple depolarization waves traveling simultaneously through the right and left ventricular wall during the heart cycle. 11 Previous work 12 with isolated turtle hearts placed at the center of a cylindrical conducting medium demonstrated that at a distance from the heart exceeding four to five times the heart's radius, the potential distribution is similar to that produced by a single dipole ( fig. 1 ). Near the heart, however, the distribution is more complex, multiple potential maxima and minima being simultaneously present around the heart ( fig.  1 ). The location of the maxima and minima indicates the probable location of the main groups of current generators in the heart. The peculiarities of the potential distribution in the central and peripheral regions of the Isolated turtle heart, centered m a cylindrical conducting medium voith a diameter of 20 cm. and a height of 8 cm. Distribution of isopotential lines in a horizontal plane situated 3 mm. below the center of the heart, 140 msec, after the beginning of ventricular activation. Several potential maxima and minima exist near the heart: -80, +310, -30, +120, 0, and +180 /iv. They indicate the presence of multiple depolarization waves in the heart near the right and left extremities of the ventricle. (Modified from Taccardi" ; by permission of Ada Cardiologica.) conducting medium appear more clearly in figure 2 , where the potentials have been plotted against distance along a series of concentric circumferences lying in a horizontal plane situated 3 mm. below the center of the heart. Along a circumference near the boundary of the conducting medium, the potentials grow and decrease following approximately a sinus law, as potentials generated by a centered single dipole would do. Near the heart, however, the potential display does not follow a simple sinus law: Three potential maxima and three minima exist on the circumference of smallest radius; the pattern simplifies progressively as the radius of the circumferences increases.
This experiment demonstrates, in agreement with theoretical considerations, 18 that both the single dipole hypothesis and the inultipolar generator theory are justified, each Same experiment as in figure 1 . Horizontal jAaite situated 3 mm. below the center of the heart. Abscissae: points lying on a series of circumferences whose radius is indicated at the left of the figure. Ordinates: the potentials measured at the above-mentioned points. Near the boundary of the conducting medium, the potential display resembles a sinusoid. Further explanation in text. (Modified from Taccardi 19 ; by permission of A eta Cardiologica.) 864 TAGOABDI one being applicable in a different region of the conducting medium.
The studies with isolated hearts centered in cylindrical or spherical homogeneous conducting media do not take into account the influence on the potential field of body shape, heart location within the body, and tissue resistance. Therefore, the conclusions drawn from these experiments cannot be extended to hearts in situ without further investigation.
The present study is an attempt to establish experimentally whether the isopotential distribution on the body surface of the intact dog is "multipolar," as observed in the vicinity of the isolated heart, or "dipolar," as observed at a great distance from it. The dog was chosen for the following reasons:
1. Ventricular activation has been thoroughly studied in the dog; a great deal of information about the location of current generators during ventricular depolarization is available.
2. Heart damage can be artificially provoked in dogs, and its effect on surface potentials can be investigated.
The results of a similar exploration carried out in normal men and in cardiac patients will be reported in a subsequent paper.
Methods
Six mongrel (logs, weighing from 6 to 20 Kg., were anesthetized with 12.5 mg./Kg. pentobarbital and 50 mg./Kg. chloraloae injected intravenously. By means of six Tektronix 122 preamplifiers connected to a Eycom nmltibeam cathode ray oscilloscope, six tracings were simultaneously recorded: two reference electrocardiograms (usually standard leads I and II) and four thoracic electrocardiograms obtained by leading off from a common reference point (the right forelimb-see Appendix) and four points on the chest. After a series of electrocardiograms was recorded, the chest electrodes were moved to four new points, and a new series of tracings was recorded; the same procedure wns repeated until 100 to 200 points, located on the anterior and lateral walls of the thorax, were explored. In some cases, a part of the dorsal region was also explored. The distance between explored points varied between 1.5 and 3 cm. (fig. 3 ). The electrocardiograms were always recorded between the end of an expiration tind the beginning of the following inspiration. In most cases, a pneumogram was also recorded.
A square wave generator, triggered by the heart beat, injected into the lead circuit a calibrating signal after each systole ( fig. 4 ).
Only data from experiments during which the reference electrocardiograms did not change have been analyzed. The tracings were optically magnified. The width of the enlarged QRS complex was about 12 cm. and the amplitude about 8 cm. Eight to fifteen instants of time were chosen in one of the reference electrocardiograms, and the amplitude of the 100 to 200 thoracic electrocardiograms was measured at the chosen instants.
The amplitude values were then converted into millivolts and reported on S to 15 maps of the explored region, each map showing the potential distribution corresponding to one instant. Isopotential lines were drawn on the mnps by joining points whose potential was the same. Between explored points the lines were drawn using interpolation (see Appendix).
In two cases, the exploration has been repeated in the same animal, one hour after the end of the first exploration, in order to verify the constancy of the results. The agreement between the results of the first and second exploration was satisfactory.
Results
All the experiments show that several potential maxima and minima* are simultaneously present during the QRS interval on the thoracic surface of the dog. as previously observed iu the vicinity of isolated turtle and mammal hearts surrounded by conducting media.
Twelve maps, representing the potential distribution on the thoracic surface of two dogs, at six instants of time during QRS, are reproduced in figures 5 to 10. In each figure, the left half represents the chest surface of dog 1 and the right half that of dog 2. The borderlines of the rectangles correspond to the limits of the explored area ( fig. 3 ). *The expressions "potential maximum" mid "minimum" indicate the region of the mnp where the potential is higher (or lower) thnn that existing in all the neighboring regions.
The stream lines (not represented in the figures) spread radially from the maxima and converge centripetally toward the minima. Therefore, n "maximum" always behaves as a "source" of current, and a "minimum" as a "sink." In the following paragraphs, the word "source" is sometimes used instead of "potential maximum" and " s i n k " iutrtead of "potential minimum."
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HEABT POTENTIALS ON THORAX
FIOURI 3
Anesthetized dog fixed to the operating table.
The circles indicate the explored paints. During the exploration; needle electrodes were driven in the center of the circles. In some cases } a part of thp dorsal region was also explored.
In the early stages of ventricular activation, a single potential maximum is located on the anterior chest wall (fig. 5 ). The experiments in which the exploration was extended to the dorsal chest surface reveal that in this stage of ventricular activation, a minimum of potential (not shown in the figure) is present posteriorly, opposite to the maximum observed on the anterior wall. About 10 msec, after the beginning of QRS, the anterior maximum divides into two separate main maxima.; in addition, minor maxima appear in some cases on the chest surface ( fig. 6 ).
At the end of the first third of QRS, the two main maxima move toward the right and left wall of the thorax; at the same time a potential minimum appears on the midline. The posterior minimum migrates toward the right shoulder and appears anteriorly at the upper extremity of the explored area (figs. 7
FIOURI 4
Six simultaneous tracings, <t« they were recorded from the screen of the 12-beam oscilloscope. LI, LII = QRS complex in standard leads I and II. A, B, C, D -chest leads. Calibration: 0£5 mV. Duration of calibration square wave: 7 msec. The onset of the calibration wave is synchronous in all the tracings. and 8). It finally joins the anterior niiuimuni ( fig. 9) ; meanwhile, the right maximum disappears. During 5 to 10 msec, only one potential maximum and one minimum are present on the anterior chest surface; the maximum is located in the left axillary region and the minimum near the midline ( fig.  9 ). Thereafter, the distribution of equipotential lines again becomes complicated as the minimum divides into two separate minima ( fig. 10 ). This distribution remains unchanged during the last third of QRS.
It is well known that stream lines are always normal to equipotential lines. The pattern of stream lines can therefore be deduced from our maps. At the beginning of activation, the lines (not represented in the figures) run radially from the anterior maximum and point toward the borders of the explored area. In the dorsal region, they converge toward the potential minimum. This pattern is compatible with the presence of a TAOOAKDI
FIGURE S
A single potential maximum is present on the anterior chest wall.
FIGURE 6
The anterior maximum has divided into two separate main maxima; a minor maximum appears on the chest surface of dog 2.
FIGURE S
The second minimum has now appeared at the upper extremity of the right map; the (anatom-kaUy) right maximum has disappeared in both maps.
FIGURE 9
Only one potential maximum and one minimum are present on the map of dog 2. A similar pattern is observed in the map of dog 1 with the addition of a minor maximum, appearing at the upper left of the figure. The two main maxima are now located on the left and right ivall of the thorax; a minimum is developing on the midline; another minimum appears at the upper extremity of the left map, corresponding to dog 1.
FIGURES
Maps representing the equipotential distribution on the anterior and lateral chest surface of two dogs at six instants of time during ventricular activation. The borderlines of the rectangles correspond to the limits of the explored area, shown in figure 3. The left rectangle represents the FIGURE 10
The potential minimum ha<s divided into two separate minima. fig. 7) : The lines leave the right and left maxima, pointing toward the two minima. Such a distribution of currents and potentials, as well as that existing during the last part of QRS ( fig. 10 ), implies the presence of at least two main groups of generators in the heart.
Most of the above-described electrical events have been observed in all the dogs studied, with occasional variations concerning the exact location of the main maxima and minima, the moment of their appearance and disappearance, and the presence of additional, minor maxima or minima of potential.
Discussion
The results of all the experiments show that during the larger part of ventricular activation, multiple "sources" and "sinks" are simultaneously present on the body surface of the dog. This observation does not support the hypothesis of the single equivalent dipole. As far as body-surface measurements are concerned, the heart behaves as a multipolar generator. These results are in agreement with the views of Mauro (1952) 10 and Nelson (1957) 11 ; they demonstrate that the features of the potential field existing on the body surface of the dog cannot be predicted from three independent electrocardiograms, as required by the single dipole theory. For the same reason, surface electrocardiograms cannot be directly used for the construction of true vectorcardiograms. This point is in agreement with the views expressed by Rijlant since 1936 14 and, more recently, in 1958. 1B Isopotential maps indicate clearly the number, shape, location, amplitude, time course, and displacements of the potential maxima and minima which wax and vanish on the surface of the trunk during cardiac activity; they also permit the establishment of the direction of currents on the whole explored area.
The presence of multiple sources and sinks Circulation Reteareh, Volume XI, Novtmbar lBBt on the chest surface of the dog reveals the existence in the heart of several "local excitation waves" (Nelson 11 ), knowledge of which is important to the physiologist and the clinician. Multiple depolarization waves traveling simultaneously in opposite directions in the dog heart have been actually observed by Scher and Young, 111 Durrer and van Der Tweel, 17 Medrano et al., 18 and by ourselves 10 by means of direct exploration of the ventricular walls.
In the present state of our knowledge, it is not yet possible to establish exactly the relationships between the distribution of potentials at the surface of the body and the location of the main groups of current generators in the heart. Nevertheless, some peculiarities of the surface potential distribution might be tentatively explained on the basis of the available data on the spread of the activation in the dog's ventricles.
The scheme of ventricular activation in the dog, published by Scher and Young in 1956, 10 shows that at the beginning of QRS, a single depolarization wave travels across the interventricular septum (which is almost parallel to the frontal plane), starting from the left septal endocardium. This wave might produce the simple potential distribution observed in figure 5 . A few milliseconds later, two separate wavefronts are traveling in the thickness of the left and right ventricular wall, as well as in the septum, possibly provoking the duplication of the anterior maximum of potential which is seen in figure 6 . At the end of the first third of QRS, the excitation arrives at the surface of the right ventricular wall, in the well-known region called "Quellpunkt" by Schaefer. 20 The potential minimum developing at this moment on the midline ( fig. 7) is probably due to the presence of this completely depolarized region toward which converge the current lines coming from the left and right wavefronts. The disappearance of the right maximum can also be interpreted, on the basis of Scher's observations, as being the result of complete activation of the right ventricular wall. The duplication of the minimum, during 868 TAOOABDI the last part of QRS, has not yet received a satisfactory explanation. This is only a preliminary attempt to correlate the electrical events occurring on the surface of the body with the several phases of ventricular depolarization. More certain conclusions will be reached when the distribution of potentials and currents in the conducting medium separating the heart from the surface of the body is better known. This distribution is now being studied around an isolate! dog's heart placed at the center of a conducting bath and appears to be much more complicated than that observed at the surface of the body.
The present study demonstrates that maps representing the equipotential distribution on the chest surface of the dog contain much more information about the electrical activity of the heart than is offered by routine limb and chest electrocardiograms. Complete exploration of the surface of the trunk is therefore necessary in order not to lose too large a part of the information obtainable from external measurements.
Another series of experiments, in which the huniau chest surface was electrically explored, demonstrated that most of the conclusions drawn in this study can be extended to human subjects. The results obtained in man will be described in a subsequent paper.
Summary
The distribution of equipotential lines on the surface of the trunk has been determined experimentally in the dog at 8 to 15 instants of time during ventricular depolarization. Multiple potential maxima and minima are simultaneously present on the explored area during a large part of the activation time ; their number, shape, and location vary continuously during ventricular excitation, following the same general scheme in all the animals studied.
The single dipole theory does not account for the experimental data reported in this paper. As far as surface potentials are concerued, the dog heart behaves as a multipolar generator.
Complete exploration of the chest surface yields much more information about the electrical activity of the heart than is obtainable from routine limb and chest electrocardiograms.
The relationships between the location of the potential maxima and minima on the body surface and the probable situation of the excitation waves in the heart are tentatively discussed.
Appendix
It is easy to transform the maps presented in this paper into those which would have been obtained by using any other reference point (including the central terminal) instead of the light foreleg. The transformation is readily achieved by adding a constant to nil the potential values of a given instantaneous map. The shape and location of isopotential lines remain unaltered. The constant to be added is the value of the potential difference existing, at the instant considered, between the new reference point (now taken as "zero" level) and the right foreleg. If the new reference point is among those explored, the maps themselves provide the value sought for; in the case of the central terminal, the constant to be added is the voltage reached by lead VR at the instant considered. This voltage can be calculated from standard leads I and II (which were actually recorded) by means of the formula where th« symbols VR, LI, and LII indicate the voltages reached by leads I, II, and VR at the instant considered.
For th€ six instantaneous maps corresponding to dog 1, the calculated values are (in millivolts) -0.02, -0.21, -0.6, -0.65, -0.73, -0.53. For dog 2 they are -0.15, -0.42, -0.67, -0.71, -] . -0.45.
It follows from the foregoing considerations that the "zero" line in our maps has no particular significance apart from that of joining the points which are at the same potential level as the right foreleg. For this reason, the expressions "positive" and "negative" potential have been purposely avoided in the text. The conclusions of this study, however, leave out of consideration the position and significance of the "zero" line. They are based on the shape, number, and location of potential "maxima" and "minima," on the direction of the potential gradients and stream lines on the body surface. These features are not dependent on the particular reference point used for the measurements.
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